Abstract
Introduction
Due to the multipotential nature of adult stem cells, stem cell therapy has been investigated as a novel method for restoring the function of damaged tissues [1] . Scientists have discovered various sources of adult stem cells such as adipose tissue, bone marrow, tonsil tissue, dental pulp, the umbilical cord, synovial fluid, and the placenta [2] . An adequate number of healthy cells and scaffold optimization are crucial factors for successful stem cell therapy. However, there are still problems to be resolved such as dislocation of cells, cell survival, and control of stem cell differentiation into specific target cells [3] . Three-dimensional (3D) cell culture provides fundamental information for understanding cells in a living system. Cell morphology and gene expression are modulated in a different manner under two-dimensional (2D) and 3D environments. 3D environments can affect cell proliferation, differentiation, mechano-responses, and cell survival, those effects are quite different from 2D systems [4] [5] [6] . For example, chondrocytes increase expression of type I collagen (COL I) and exhibit a fibroblast morphology in a 2D surface, but they maintain their original spherical morphology with higher type II collagen (COL II) expression in a 3D environment [7, 8] . As another example, breast epithelial cells change to tumor-like cells under 2D conditions, and they reset to their original state in a 3D environment [9] .
Hydrogels are considered to be a promising material as an artificial extracellular matrix (ECM) [10] . Both natural and synthetic hydrogels are intended to replicate the natural 3D environment. Cells organize into tissues by maintaining their specialized configurations and morphology [11] . Synthetic hydrogels are often recommended for their reproducibility of production, and compositional control, and low immunogenicity. Synthetic hydrogels have been extensively studied as a 3D culture system for these reasons [12, 13] . A hydrogel that undergoes a sol-to-gel transition with increasing temperature is termed a thermogel. The sol-to-gel transition process is less harmful to cells than chemical or photochemical crosslinking processes used to prepare 3D scaffolds [14] . The simple mixture of cells and growth factors in a solution state is physically crosslinked into a gel by increasing the temperature, and the gel acts as a 3D cell culture matrix incorporating the growth factors. Shear stress during syringe injection of a thick gel is a major concern in terms of cell death, which can be improved by using thermogels [15] [16] [17] [18] . Additionally, thermogels can be injected into a target site without complicated surgery and can be formed into any shape [19] .
Depending on the amino acid sequence, polypeptides exhibit unique secondary structures such as a-helices, bsheets, and random coils [20] [21] [22] [23] [24] [25] . Polypeptide-based thermogels have great potential in 3D cell culture and tissue engineering applications as in situ gel-forming matrices that incorporate growth factors, cells, and other components (Fig. 1) . The major benefits of synthetic polypeptidebased thermogels are controllable degradation and neutral degradation products. Polypeptide hydrogel is degraded by specific enzymes. Ideally, degradation kinetics of scaffold should be matched to the cell proliferation or tissue growth kinetics. The degradation of the hydrogel can be controlled by the composition and molecular weight of the polypeptides. In addition, release kinetics of the incorporated growth factors can be controlled by the degradation of the polypeptides. During degradation, growth factors should be supplied to the cells at an appropriate time in the cell cycle. Therefore, the structure can be designed to meet specific biomedical needs. This review covers the application of polypeptide thermogels in the 3D culture of stem cells and their differentiation to specific cells. We discussed both natural and synthetic polypeptide thermogels as 3D cell culture scaffolds.
Collagen and Matrigel

TM
Collagen is a major protein in the human and is mostly found in fibrous tissues such as tendons, ligaments, bones, blood vessels, and the skin. Collagen has received approval from the Food and Drug Administration (FDA) for clinical applications and has been commercialized by numerous companies including Bioscience, Advanced BioMatrix, Vitrogen and Flexcell [26] .
Aqueous collagen solutions (0.2-2 mg/mL) undergo sol-to-gel transition through fibrilogenesis [27, 28] . The properties of gel or fibrilonetworks are sensitive to temperature, pH, and ionic strength because they affect the self-assembly process of collagen. Although collagen is widely used, it remains expensive and has a few limitations including low modulus, and triggering intrinsic immunogenic responses [29] . To improve the mechanical properties of collagen, various methods have been investigated, and are discussed in this section.
Collagen has been investigated as a 2D as well as 3D cell culture system [30] [31] [32] [33] [34] [35] . COL I-coated culture plates promoted cell migration, proliferation, survival, and osteogenic differentiation compared with pristine culture plates [36] [37] [38] [39] [40] . In addition, stem cells cultured in 3D collagen hydrogels exhibited higher osteoblasts differentiation compared to stem cells cultured on collagen-coated 2D plates. The rigidity of the collagen hydrogel in a 3D culture affected osteoblast differentiation, and cells grew into mechanically hard, bone-like tissue in a rigid hydrogel [41] . Stem cells have been shown to differentiate into osteoblasts, cardiomyocytes, and neural cells in COL I gels, but differentiate into chondrocytes in COL II gels [42] [43] [44] [45] [46] [47] [48] . The chondrogenic gene expression of cells differentiated from adipose-tissue derived mesenchymal stem cells (ADSCs) was higher in COL II gels than in COL I gels, and these cells developed a round-shape morphology [48] . When mesenchymal stem cells (MSCs) were cultured in a COL I gel, they expressed significantly higher amounts of COL II and aggrecan than when in a pellet culture system [49] . Chondrogenic differentiation of ADSCs increased when adding transforming growth factor (TGF) b1 and applying cyclic hydrostatic pressure [50] . COL I gels formed a fibrillary structure with different orientations when varying polymerization temperatures of 4, 21, and 37°C were used [51] (Fig. 2) . Gels consisting of stiffer and shorter fibers suppressed cell spreading, proliferation, and migration and the stem cells exhibited a preference toward adipogenic differentiation. On the other hand, stem cells showed enhanced osteogenic differentiation in the collagen gels made up of long fibers. Moreover, the fact that COL II induces chondrogenic differentiation in a growth medium suggests that chondrocytes bind to COL II through integrin and stimulate differentiation of stem cells into chondrocytes [52] . Composite systems of COL I and COL II supported osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) and umbilical cord MSCs [53] . Additionally, chondrocytes preserved their natural spherical morphology and secreted cartilagespecific ECM in the composite systems containing COL I and COL II [54] . Chondrocytes was also shown to maintain their original phenotype and exhibited increased proliferation rate and expression of SOX 9, COL II, and aggrecan over a 3-week period in a composite hydrogel of alginate, hyaluronic acid, and collagen [55] . Hyaline cartilage regeneration has been reported from chondrocytes embedded in a COL II gel [56] . The addition of TGF b1 and hyaluronic acid enhanced cell viability, proliferation, and glycosaminoglycan (GAG) production [57] . Proliferation of chondrocyte is dependent on COL I concentration and exhibited excellent results in 1 mg/ml of COL I [58] .
To improve the mechanical properties, inorganic materials were introduced with hydrogels. Nano hydroxyapatite (nHA) was added to a thermogelling system consisting of poly(ethylene glycol)-polycaprolactone-poly(ethylene glycol) (PEG-PCL-PEG) and collagen, which was used to elicit bone regeneration from stem cells [59] . A COL I/nHA composite scaffold was reported as a biocompatible, mechanically superior, and osteoconductive matrix. The composite scaffold (5.50 kPa) was 18 times stiffer than pure collagen (0.30 kPa) [60] . COL I/nHA was also used as a gene-activated matrix. The scaffold successfully delivered bone morphogenic polypeptide (BMP) 2 in MSCs, which subsequently produced high levels of calcium [61] . The development of bone matrix was confirmed in a nano composite system consisting of MSCs, nHA, and COL I after subcutaneous implantation [62] . The addition of osteogenic growth factor (BMP 2) in a collagen sponge/ hydrogel complexes promoted bone generation in a dog with alveolar bone defects [63] . Additionally, rat dermal MSCs turned into osteoblast-like cells and enhanced calcification in a COL I gel. It has been suggested that endogenous TGF b1 secreted from the cells promotes the calcification [64] . Matrigel TM is a natural ECM obtained through decellularization of mouse sarcoma. Matrigel TM is a thermosensitive ECM of which aqueous solutions turn into gels as the temperature increases to 37°C [65] . The basement membrane components of collagen, laminin, heparan sulfate, and proteoglycan, along with fibroblast growth factor (FGF), epidermal growth factor (EGF), and nerve growth factor (NGF) are the major constituents of Matrigel TM [66] . The aqueous solution of these proteins assembled into a fibrous gel network as the temperature increased [67] . The presence of the above proteins makes Matrigel TM excellent for 3D cell culture; however, lot-to-lot variation and safety concerns prevent it from use in clinical applications [68] . In spite of these limitations, Matrigel TM has been extensively studied for tissue engineering. BMSCs cultured in Matrigel TM survived for a longer time (up to 5 months) compared to those grown in either COL I or control systems injected with phosphate buffered saline (PBS) [69] . Even a growth factor-reduced Matrigel TM stimulated growth of neurite and migration of neuronal progenitor cells [35] . Neural precursor cells combined with Matrigel TM significantly improved sensorimotor and cognitive function in an ischemic stroke model [70] . Embryonic stem cells (ESCs) cultured in Matrigel TM exhibited dopaminergic neuronal differentiation. Neurite outgrowth and branching increased in the presence of retinoic acid [71] . Mouse neuronal stem cell (NSC) encapsulated in Matrigel TM showed oriented neurite growth under the microfluidic device [72] . Subcutaneous injection of tonsilderived mesenchymal stem cells (TMSCs) incorporated Matrigel TM increased the survival rate of the TMSCs by 40-80%, and they differentiated into parathyroid-like cells and secreted a significant level of parathyroid hormone [73] .
Elastin-like polypeptide
Elastin-like polypeptide (ELP) aqueous solutions also undergoes a sol-to-gel transition as the temperature increases to 34°C. The most common motif in ELPs is Gly-Xaa-Gly-Val-Pro (GXGVP). Xaa is an arbitrary amino acid. Below the sol-to-gel transition temperature, ELP is a random coil in solution. However, above the transition temperature, the chain hydrophobically folds to b-spiral, involving type II b-turns as the main secondary feature. The hydrophobic association of b-spirals takes on fibrillar form which grow to several hundred nm to form a gel phase [74] [75] [76] . ELPs have been broadly investigated for both drug delivery and tissue engineering [77] [78] [79] [80] . Human ADSCs incorporated in an ELP upregulated SOX 9 and COL II levels in the growth medium, which was especially pronounced under low-oxygen (5%) compared to highoxygen (20%) conditions [79] . An RGD-modified ELP hydrogel highly increased cell spreading, attachment, proliferation, and osteogenic differentiation of MSCs [81, 82] . An ELP-poly(ethylene glycol) (ELP-PEG) hybrid hydrogel system was crosslinked with tris(hydroxymethyl) phosphine [83] , and human fibroblast cells encapsulated in this hydrogel increased cell viability up to 98% and adopted a more spread-out morphology of cells in the RGD conjugated ELP-PEG thermogel. Tetrakis(hydroxymethyl) phosphonium chloride was added to crosslink an RGDmodified ELP thermogel, and thus the gel modulus increased by up to 2.1 kPa. ELP thermogels enhanced the neurite extension of dorsal root ganglia cells within 7 days [84] . A composite system of collagen and ELP showed an increase in the elastic modulus from 22.0 to 61.8 kPa. At a ratio of 18/6 of ELP/collagen in the composite system, osteogenic activity and deposition of calcium increased [85] . Photo crosslinking reactions increased the ELP modulus to 13 kPa. Cells encapsulated in ELP hydrogels exhibited good cell viability, metabolic activity, and attachment [86] . Photocrosslinked ELP was implanted in the subcutaneous layer of rats, where the gel was stable for more than 56 days [87] . ELP crosslinked with transglutaminase improved cartilage repair. In addition, [89] chondrocytes maintained their phenotype in the ELP hydrogel. The gel increased its modulus from 0.28 to 1.7 kPa due to matrix deposition [88] . A combination of chemical crosslinking and thermogelation stiffened an ELP-hyaluronic acid gel up to 3 kPa by using hydrazinemodified ELP and aldehyde-modified hyaluronic acid gels [89] (Fig. 3) . The gel was investigated for chondrogenic, adipogenic and osteogenic differentiation of the incorporated stem cells.
Synthetic polypeptide thermogels
Synthetic polypeptides can be produced in a large scale or kilogram by ring-opening polymerization of corresponding N-carboxy anhydrides. Degradation kinetics can also be controlled by varying the composition of the polypeptides. In addition, uncertain impurities of biologically-derived materials are concerns due to the fact that they often induce immunogenicity in their eventual in vivo applications [90, 91] . To develop synthetic polypeptide-based thermogels, PEG, poly(N-vinyl pyrrolidone), and Pluronics Ò (PLX) were used as a hydrophilic block, and polyalanine (PA), poly(alanine-co-phenylalanine) (PAF), and poly(alanine-co-leucine) (PAL) were used as a hydrophobic block [92] [93] [94] . Thermogelling polypeptide solutions undergo sol-to-gel transition by dehydration of PEG and changes in secondary structures of polypeptides [92, 94, 95] . As the temperature of polymer aqueous solution increases polypeptide and PEG exhibit following characteristics. a-helix structures of polypeptides are rather stable against temperature as shown in PEG/PAF block copolymers, whereas b-sheet structures of polypeptide are reinforced as shown in PEG/PA block copolymers. In both cases, dehydration of PEG, followed by aggregation of the micelles leads to gel formation, as proved by the collapse of PEG peaks in the 1 H-NMR spectra and increase in micellar size in the dynamic light scattering of the aqueous polymer solutions. PEG-PAF thermogel was stable in in vitro but degraded over 2 weeks in the subcutaneous layer of rats [92] . Degradation kinetics of polymers is crucial for their biomedical applications, and it could be controlled based on the composition of the polypeptides. Chondrocytes encapsulated in PA-PLX-PA block copolymer thermogels grew, proliferated, and maintained their spherical phenotype [7, 96] . Chondrogenic gene expression of COL II and GAG was excellent in an initial polymer concentration range of 7-15 wt% [97] . BMSCs, ADSCs and TMSCs expressed chondrogenic genes in both PEG-PA and PEG-PAF thermogels under in vitro and in vivo conditions. These cells maintained their spherical morphology in the PEG-PA or PEG-PAF thermogels, whereas they developed a fibroblast morphology in Matrigel TM [98] [99] [100] . TMSCs differentiated into hepatocytes in PEG-PA thermogels with a modulus of approximately 1000 Pa at 37°C. The cells upregulated expression of the hepatogenic biomarkers of albumin, cytokeratin 18 (CK18), hepatocyte nuclear factor 4 alpha (HNF4a) in the presence of differentiating factors such as hepatocyte growth factor (HGF), basic FGF, and nicotinamide [101] . Moreover, with the incorporation of tauroursodeoxycholic acid (TUDCA) in addition to growth factors (HGF and FGF 4) in PEG-PA thermogels, TMSCs underwent hepatogenic differentiation and significantly elevated expression of the hepatogenic biomarkers of albumin, CK18, HNF4a, glucose 6-phosphatase, cytochrome P450 family 7 subfamily A member 1 (CYP7A1), hepatocyte nuclear factor 3 beta (HNF3b) [102] . The differentiated cells produced approximately 60% more albumin and urea than cells cultured in the HyStem TM gel over the same time period. To improve the differentiation of stem cells into target cells in polypeptide thermogels, several composite systems have been investigated as a 3D scaffold of the stem cells. Polystyrene microspheres modified with various functional groups were incorporated in the PEG-PA thermogels. Chondrogenic mRNA expression was significantly higher in thermogels incorporating ammonium or thiol-modified microspheres, but adipogenic and osteogenic mRNA expression was elevated in thermogels incorporating phosphate-and carboxylate-modified microspheres [103] . A composite system of RGD-coated layered double hydroxides (LDHs)/PEG-PA-PD thermogel was prepared as an inorganic/organic hybrid system [104] (Fig. 4) . Expression of COL II and SOX 9 at both mRNA and protein levels were significantly increased in the hybrid Fig. 4 An inorganic/organic hybrid system consisting of RGDcoated LDH/PEG-PA thermogel incorporating stem cells and kartogenin (KGN). Reproduced with permission from the American Chemical Society [104] Tissue
system compared with a pure PEG-PA thermogel system. The continuous release of kartogenin (KGN) from the hybrid scaffold improved cell aggregation and chondrogenic biomarker expression. Other hybrid systems, including a composite system consisting of graphene oxide (GO) and a PEG-PA thermogel, were also prepared [105] . TMSCs maintained their spherical morphology in the gel hybrid system for up to 21 days. However, the cells became extensively aggregated in the hybrid system, and expression of chondrogenic biomarkers, such as COL II and SOX 9, was significantly increased in the presence of TGF-b3 compared to either pure PEG-PA thermogels or reduced graphene oxide (rGO)/PEG-PA thermogel hybrid systems. In addition, when TMSCs were cultured in an adipogenic induction medium, they more readily differentiated into adipocytes in the GO/PEG-PA hybrid system compared to either pure PEG-PA thermogels or rGO/PEG-PA thermogel hybrid systems [106] . TMSCs differentiated into osteocytes in a composite system consisting of calcium phosphate mesocrystals or nanocrystals and PEG-PAF thermogel [107] . Expression of osteogenic biomarkers, such as BMP 2, osteocalcin, and alkaline phosphatase, was significantly increased in the meso composite system compared to the nano composite system. The hard surface of the mesocrystals provided locations for cell attachments and the thermogel held the cells in place, thus improving osteogenic differentiation of the stem cells. Neuron growth factor-encapsulating alginate microspheres were incorporated in a PEG-PA thermogel for neuronal differentiation of the stem cells [108] . The growth factors were released for up to 4 days and 18 days from the pure thermogel and microsphere-incorporated thermogel, respectively (Fig. 5) . Expression of neuronal biomarkers such as nuclear receptor related protein (Nurr-1), neuron specific enolase (NSE), microtubule associated protein (MAP) 2, neurofilament-M (NF-M), and glial fibrillary acidic protein (GFAP) were significantly increased in the composite system. Conjugation of galactose to PEG-PA improved not only hepatogenic differentaion of the incorporated TMSCs but also hepatic biofunctions of the differentiated hepatocytes [109] .
Conclusions
Thermogelling polymers aqueous solutions can be sterilizable by microfiltration in a sol state, and form a cell growing matrix by injection into a target site at 37°C. The characteristics and applications of polypeptide-based thermogels including collagen, Materigel TM , ELP, and synthetic polypeptides were summarized in this paper (Table 1) . Various growth factors can be incorporated in the matrix to drive preferential differentiation of the incorporated stem cells into specific target cells during the sol-to-gel transition. The timely supply of growth factors to the cells is essential for effective control of the differentiation of the stem cell differentiation, which is provided by composite systems. Cell survival, oxygen and nutrient supply, and metabolite removal should be insured in the matrix. In addition, the modulus of the matrix should be optimized, and chemical functional groups, as well as biological factors, should be selected appropriately for targeted differentiation of the stem cells. Based on information regarding 3D cell culture using thermogels, their eventual application as an injectable tissue engineering scaffold is a promising technology for stem cell therapy. Stem cells differentiation into osteoblasts, cardiomyocytes, and neural cells favored in COL I gels, whereas chondrogenic differentiation is preferred in COL II gels [42] [43] [44] [45] [46] [47] Chondrogenic differentiation of ADSCs was higher in COL II gels than in COL I gels [48] Chondrogenic differentiation of ADSCs increased under cyclic hydrostatic pressure [50] Gels consisting of stiffer and shorter collagen fibers induced adipogenic differentiation, whereas osteogenic differentiation is preferred in the collagen gels made up of long fibers [51] COL I/Nano hydroxyapatite composite system is effective in osteogenic differentiation of MSCs [60] Matrigel TM Matrigel TM stimulated growth of neurite and migration of neuronal progenitor cells [35] embryonic stem cells cultured in Matrigel TM exhibited dopaminergic neuronal differentiation. [70] Neurite outgrowth and branching increased in the presence of retinoic acid [71] Subcutaneous injection of tonsil-derived mesenchymal stem cells in Matrigel TM differentiated into parathyroid-like cells [73] ELP ADSCs differentiated into chondrocytes in an ELP gel under low-oxygen (5%) conditions [79] Mechanical properties of ELP gels increased by chemical crosslinking, photo-crosslinking, or collagen/ELP composite system [83, 84, 87, 89] Osteogenic activity and deposition of calcium increased in the ELP/collagen composite system [85] Synthetic polypeptide
BMSCs, ADSCs and TMSCs expressed chondrogenic genes in both PEG-PA and PEG-PAF thermogels [98] [99] [100] TMSCs differentiated into hepatocytes in PEG-PA thermogels [101, 102] Differentiation of TMSCS into adipocytes, chondrocytes, and osteocytes could be controlled by surface functional groups of the incorporated microspheres in PEG-PA thermogels [103] Chondrogenic differentiation of TMSCs improved in RGD-coated layered double hydroxides/PEG-PA-PD thermogels [104] Addition of graphene oxide in PEG-PA thermogels enhanced chondrogenic differentiation of TMSCs [105] Addition of hydroxyapatite mesocrystals in PEG-PAF thermogels improved osteogenic differentiation of TMSCs [107] Sustained release of BDNF and NGF from the incorporated microspheres in PEG-PA thermogels enhanced neuronal differentiation of TMSCs [108] Galactose-conjugated PEG-PA thermogels improved hepatogenic differentiation of TMSCs [109] Tissue Eng Regen Med (2018) 15 (5):521-530 527
